Chk1 is a checkpoint kinase and an important regulator of mammalian cell division. Because null mutation of Chk1 in mice is embryonic lethal, we used the Cre-loxP system and the Lck promoter to generate conditional mutant mice in which Chk1 was deleted only in the T lineage. In the absence of Chk1, the transition of CD4 ؊ CD8 ؊ double-negative (DN) thymocytes to CD4 ؉ CD8 ؉ double-positive (DP) cells was blocked due to an increase in apoptosis at the DN2 and DN3 stages. Strikingly, loss of Chk1 activated the checkpoint kinase Chk2 as well as the tumor suppressor p53 in these thymocytes. However, the developmental defects caused by Chk1 deletion were not rescued by p53 inactivation. Significantly, even though Chk1 deletion is highly lethal in proliferating tissues, we succeeded in using in vivo methods to generate Chk1/Chk2 double-knockout T cells. Analysis of these T cells revealed an interesting interaction between Chk1 and Chk2 functions that partially rescued the apoptosis of the doublemutant cells. Thus, Chk1 is both critical for the survival of proliferating cells and engages in cross-talk with the Chk2 checkpoint kinase pathway. These factors have implications for the targeting of Chk1 as an anticancer therapy.
apoptosis ͉ cancer ͉ T cells ͉ p53 ͉ bcl2 C ell survival depends on continuous surveillance that ensures the maintenance of genomic integrity. Threats to genomic integrity take the form of mutations sustained either during normal cell proliferation or after exposure to environmental agents. Failure to detect and resolve these threats can have dire consequences, as evidenced by the predisposition to cancer observed in individuals bearing mutations of genes involved in DNA damage response pathways (1) (2) (3) . The normal functions of these genes protect an organism from malignancy by halting the division of a cell with genomic damage and preventing the defect from being passed on to daughter cells.
The checkpoint pathways are conserved signaling cascades activated in response to genotoxic stress (4) . The activated checkpoints delay cell cycle progression to facilitate DNA repair, or they induce cell death to eliminate damaged cells, thus protecting the organism against cancer. Depending on the type of genotoxic stress, either ataxia telangiectasia mutated (ATM) or ataxia telangiectasia and Rad3-related (ATR) becomes activated and phosphorylates a downstream checkpoint kinase, either Chk1 or Chk2. Although it was originally believed that Chk1 phosphorylation depended solely on ATR and that of Chk2 on ATM, recent reports have indicated that there is substantial cross-talk between these checkpoint pathways. For example, Chk1 can be phosphorylated in response to ionizing radiation (IR) in an ATM-dependent manner (5, 6) , and Chk2 can be activated independently of ATM (7) .
The ATR-Chk1 pathway is usually activated by DNA lesions that impair replication fork progression. Indeed, this pathway employs components of the replication fork as a DNA damage sensor (8) . Recent studies have shown that optimal activation of Chk1 also requires the cooperative action of several other factors, including the tumor suppressor Brca1 (9), the claspin adaptor molecule (10) , and the proliferating cell nuclear antigen-like DNA sliding clamp Rad9/Rad1/Hus1 (11) . Once activated, Chk1 phosphorylates a cascade of downstream targets, including the cell cycle phosphatases Cdc25A and Cdc25C (12) . The end result of this Chk1-mediated cascade is a delay of cell cycle progression through the S and G 2 phases (8, 13, 14) . The central role played by Chk1 in regulating cell cycling in response to DNA damage has made Chk1 an attractive target for anticancer therapy.
In contrast to Chk1, Chk2 is activated primarily by ATM in response to double-stranded breaks in DNA caused by IR. Activated Chk2 contributes to the stabilization of p53, which promotes either cell cycle arrest or apoptosis. Similar to Chk1, activated Chk2 phosphorylates multiple Cdc25 molecules that subsequently inhibit the activation of cyclin-dependent kinases (15) .
Much of our understanding of the checkpoint kinase network and its role in mitigating DNA damage has been gained from studies of human cancer cell lines. To understand the functions of the checkpoint kinases in a normal developmental (noncancerous) context, knockout mice deficient for either Chk1 or Chk2 have been generated (7, 13, 16) . Analyses of these mutant animals have shown that, despite their overlapping functions in checkpoint signaling, the biological outcomes of Chk1 and Chk2 depletion are very different. Chk2-deficient mice are viable, do not show any developmental defects, and do not spontaneously develop tumors. However, Chk2-deficient cells show significant defects in IR-induced apoptosis and G 1 /S arrest (7). In dramatic contrast, Chk1-deficient mice are embryonic lethal. Furthermore, Chk1-deficient mammary gland cells that are induced to proliferate soon undergo apoptosis (13, 16, 17) . Although it has been proposed that Chk1 acts as a tumor suppressor, the extreme sensitivity of cells to complete loss of Chk1 has hindered confirmation of this hypothesis. Lam et al. (17) were able to demonstrate haploinsufficiency for a potential tumor suppressor function for Chk1 in that cells with inactivation of one Chk1 allele showed inappropriate entry into S phase, accumulation of DNA damage during replication, and a failure to restrain mitotic entry in the presence of a dysregulated S phase. These observations suggest that inactivation of one Chk1 allele may result in sufficient genomic instability to initiate tumorigenesis. Indeed, tumor incidence is increased in Chk1 ϩ/Ϫ ;WNT-1 transgenic mice, in which the WNT-1 transgene is driven by the mouse mammary tumor virus promoter (13) . Nevertheless, despite these findings, our understanding of the relevance of complete loss of Chk1 in normal cell proliferation and genotoxic stress responses remains limited.
T cell development occurs in the thymus through a complex process involving distinct stages of proliferation and cell death. Thus, tissue-specific deletion of a gene in the T lineage constitutes an easily monitored developmental system in which to examine the role of that gene in normal cell physiology over time and during proliferation and differentiation. Furthermore, gene targeting in T cells allows the examination of the role of the gene in tumorigenesis because mice are more highly prone to developing T cell lymphomas than any other form of cancer. To investigate the function of Chk1 in normal cell development and during tumorigenesis, we generated mice with a T cell-specific deletion of Chk1 (18) and analyzed cell populations from the thymus of these animals. By using the advantages of phospho-specific flow cytometry (19) (20) (21) , we analyzed the function of Chk1 in lymphocyte subsets of various genetic backgrounds.
Our data indicate that Chk1 is crucial for T cell development and that the cytoprotective function of Chk1 depends on more than just the activation of p53 and Chk2. In addition, we show that complete loss of Chk1 in T cells is sufficient to reduce the life span of otherwise normal mice.
Results
Expression Pattern of Chk1 in Wild-Type (WT) T Cells. Because the expression pattern of Chk1 during T cell development was not known, we first used flow cytometry to examine Chk1 expression in various subpopulations of WT thymocytes and peripheral T cells (Fig. 1A) . Increased levels of Chk1 were found in both doublenegative (DN) and double-positive (DP) WT thymocytes as well as in mature CD4 ϩ and CD8 ϩ T cells in the lymph node and spleen. We then analyzed Chk1 expression during the differentiation of the four DN thymocyte stages (DN1-DN4) as defined by expression of the early developmental markers CD25 and CD44 (22) . We found that all populations of DN cells had some level of Chk1 expression, suggesting that Chk1 functions throughout T cell development in the thymus.
Deletion of Chk1 in T Lineage Cells.
To investigate the precise function of Chk1 in T cell development, we used a conditional gene-targeting approach in which loxP sites were engineered to flank exon 2 of the Chk1 gene. This exon contains the translational initiation sequence and encodes the ATP-binding site of the kinase (13) . To delete Chk1 specifically in T cells, homozygous Chk1-floxed mice (Chk1 fl/fl ) were bred with Lck-Cre transgenic (Lck) mice (23) to generate Chk1 flox/flox ;Lck-Cre mice (Lck-Chk1 fl/fl ). To determine whether Cre-mediated recombination of the Chk1 locus had indeed occurred in the mutants, we performed Southern blot analysis of genomic DNA isolated from thymocytes of 8-week-old Lck-Chk1 fl/fl mice and age-matched WT controls. A single band of 7.5 kb appeared in the blot of Lck-Chk1 fl/fl thymocyte DNA but not in that of WT thymocyte DNA (Fig. 1B) , confirming that complete Cre-mediated excision of the floxed Chk1 allele had occurred in Lck-Chk1 fl/fl thymocytes.
Chk1 Is Essential for T Lineage Development. We next compared numbers of thymocytes and peripheral T cells in sex-and agematched Lck-Chk1 fl/fl , Lck-Chk1 fl/ϩ , and Lck-Chk1 ϩ/ϩ littermates. It was reported previously (23) that Lck-Cre is expressed during the DN stage of thymocyte development. We therefore examined total cell numbers in the thymi of Lck-Chk1 fl/fl , Lck-Chk1 ϩ/fl , and Lck-Chk1 ϩ/ϩ littermates at 6-8 weeks of age. Compared with Lck-Chk1 ϩ/ϩ mice, thymocyte numbers were decreased by 97.5% in Lck-Chk1 fl/fl mice ( Fig. 2A) , consistent with an essential role for Chk1 in thymocyte development. Furthermore, we noted a 64% decrease in total thymocyte numbers in Lck-Chk1 fl/ϩ mice compared with Lck-Chk1 ϩ/ϩ mice, confirming that Chk1 is haploinsufficient for proper T cell development.
To determine at what stage thymocyte development was blocked in Lck-Chk1 fl/fl mice, we carried out flow cytometric analysis of total thymocytes stained with anti-CD4 and anti-CD8 Abs. The proportion of thymocytes in the DN phase was increased in Lck-Chk1 fl/fl thymus compared with Lck-Chk1 ϩ/ϩ thymus (59% versus 3.9%, respectively; n ϭ 10), suggesting that the loss of Chk1 affected either the initial production of DN cells or the DN to DP transition (Fig. 2B Left) . To distinguish between these possibilities, we used magnetic beads to deplete CD4 ϩ , CD8 ϩ , and B220 ϩ cells from the total thymocytes of Lck-Chk1 fl/fl and Lck-Chk1 ϩ/ϩ littermates mechanically, and we stained the remaining DN cells to detect CD25 and CD44 expression (Fig. 2B Right) . This analysis revealed an increase in DN3 cells (R4 and R5) but a decrease in DN4 (R6) cells in the thymi of Lck-Chk1 fl/fl mice. Histological findings confirmed the block in the DN3 to DN4 transition in the absence of Chk1. The thymus of Lck-Chk1 ϩ/ϩ mice had a typical structure, featuring a cortex containing mature T cells ( Fig. 2C Upper Left; dark purple area) and a medulla containing smaller DN cells (Fig. 2C, light purple area) . In contrast, the thymus of Lck-Chk1 fl/fl mice was much smaller and lacked compartmentalization into a cortex and a medulla (Fig. 2C Upper Right) . The vast majority of thymic cells in the mutants were large in size and stained light purple, which is characteristic of immature thymocytes. Moreover, histological staining with anti-CD3 revealed a massive reduction in the number of mature T cells in Lck-Chk1 fl/fl thymus (Fig. 2C Lower Left and Right). Thus, in the absence of Chk1, DN thymocytes fail to expand and progress to the DP stage, abrogating the generation of mature T cells.
Chk1 Deficiency Leads to Increased Apoptosis During T Cell Development.
To define the nature of the developmental block induced by loss of Chk1, we used TUNEL and Annexin V staining to investigate whether the mutant thymocytes were undergoing apoptosis. Not surprisingly, we found that the thymi of Lck-Chk1 fl/fl mice showed significantly greater numbers of TUNEL ϩ cells than the thymi of Lck-Chk1 ϩ/ϩ mice ( Fig. 3A ; P Ͻ 0.01). Quantitation of Annexin V staining levels indicated that a particularly high level of apoptosis was occurring within the DN2 and the early and late DN3 subpopulations ( Fig. 3B ; P Ͻ 0.01 for DN2, DN3E, and DN3L). In contrast, there was no difference in the number of apoptotic DN4 thymocytes in Lck-Chk1 fl/fl and Lck-Chk1 ϩ/ϩ thymi ( Fig. 3B ; P Ͼ 0.5). These results suggest that either the phenotype imposed by Chk1 deficiency does not persist past the DN3 stage or that the population that progresses beyond DN3 has escaped Cre-induced deletion of Chk1.
Chk1 May Act as a Weak Tumor Suppressor. Using a mouse with a conditional deletion of Chk1 in the mammary glands, Lam et al. (17) demonstrated that Chk1 is haploinsufficient for the control of cell proliferation, genomic stability, and cell cycle coordination. Although these data suggest that Chk1 can act as a tumor suppressor, vigilant monitoring of Chk1 ϩ/Ϫ mice up to the age of 18 months failed to detect a predisposition to early tumorigenesis (13) . To determine whether loss of Chk1 in T cells alone could decrease mouse life span, we monitored the survival of untreated LckChk1 fl/fl , Lck-Chk1 ϩ/fl , and Lck-Chk1 ϩ/ϩ littermate mice for 18 months. The Lck-Chk1 fl/fl group showed a significantly lower survival rate compared with the Lck-Chk1 ϩ/ϩ group ( Fig. 4 ; P ϭ 0.001). However, when we compared the survival of Lck-Chk1 fl/fl and Lck-Chk1 ϩ/ϩ littermates that had been irradiated with 5 Gy, no significant differences in survival were observed (data not shown; P ϭ 0.1). To determine whether countering apoptosis could rescue the survival of Lck-Chk1 fl/fl mice, we crossed these mutants into a bcl2-transgenic (tg) background. However, both WT;bcl2-tg and Lck-Chk1 fl/fl ;bcl2-tg mice showed equally curtailed life spans (Fig.  4) . These results suggest that if Chk1 is a tumor suppressor, its effects are quite weak and are not enhanced by either IR or the bcl2-tg background.
Effect of Different Genetic Backgrounds on Lck-Chk1 fl/fl T Cells. Liu et al. (13) showed that null mutation of p53 neither delayed nor rescued the early embryonic lethality of Chk1 Ϫ/Ϫ blastocysts. Furthermore, Chk1
Ϫ/Ϫ ;p53 Ϫ/Ϫ blastocysts underwent apoptosis to the same degree as Chk1 Ϫ/Ϫ blastocysts, suggesting that early apoptosis during embryogenesis is independent of p53. To test whether apoptosis during T cell development is also independent of p53, we crossed our Lck-Chk1 fl/fl mice into the p21-null and p53-null backgrounds. The early defect in thymocyte development associated with conditional Chk1 deletion was still observed in the absence of either p21 or p53 (Fig. 5A) . These results are consistent with the embryonic lethality of Chk1 Ϫ/Ϫ ;p53 Ϫ/Ϫ blastocysts. Brca1 acts upstream of the checkpoint kinases and is involved in transducing DNA damage signals (24) (25) (26) . Brca1 deficiency results in Chk2 phosphorylation and the Chk2-dependent accumulation and activation of p53 (27) . We investigated the effect of Brca1 deletion on the development of Chk1-deficient thymocytes by crossing Brca fl/fl mice to Lck-Chk1 fl/fl mice. However, T cell-specific deletion of Brca1 did not rescue the development of Chk1-deficient T cells (Fig. 5A) . Interestingly, the Lck-Chk1 ϩ/fl ;Brca1 fl/fl thymocytes were sensitized to cell death as evidenced by a significant decrease in total thymocyte number as well as a reduction in the DN4 population compared with Lck-Chk1 fl/ϩ or Lck-Brca1 fl/fl mice ( Fig. 5A and data not shown) . The additional staining of the DN2 and DN3 subpopulations with Annexin V confirmed that thymocytes from Lck-Chk1 fl/fl and Lck-Chk1 fl/fl ;Brca1 fl/fl mice had succumbed to spontaneous cell death (Fig. 5C) .
We next examined the effect of Chk2 deficiency on the development of Chk1-deficient T cells by crossing Chk2
Ϫ/Ϫ mice with Lck-Chk1 fl/fl mice. In our analysis of purified DN thymocytes, we found a small but statistically significant recovery of total T cell numbers in the thymus as well as a slight increase in the DN4 thymocyte population (Fig. 5 A and B ; P Ͻ 0.05). These data indicate that Chk2 deficiency can mitigate the effects of Chk1 deletion on T cell development.
Chk1 Deficiency Is Associated with Increased Levels of p-Chk2 and
p-p53 in T Cells. To better understand the mechanism underlying the defect in Chk1-deficient thymocyte development, we analyzed levels of known downstream targets of Chk1 in DN2 and DN3 thymocytes (the DN stages during which Cre is activated). We used the highly sensitive method of phospho-specific flow cytometry (19) (20) (21) to determine levels of individual phosphoproteins in T cells of various genetic backgrounds and at various developmental stages. Specifically, we examined levels of p53 phosphorylated at Ser-9 and Ser-15; Chk1 phosphorylated at Ser-317 and Ser-345; Chk2 phosphorylated at Ser-68, Ser-383, and Thr-387; and Brca1 phosphorylated at Ser-1423. Specificity of the phospho-flow antibodies was confirmed by using T cells from mice that were deficient for one of the proposed targets (Chk1, Chk2, p53, or Brca1) and subjected to 5-Gy irradiation (Fig. 6A and data not shown). As shown in Fig. 6B , Chk1 deficiency led to the presence of enhanced levels of phospho (p)-Chk2 and p-p53 in T cells, consistent with the increased apoptosis of these cells. Furthermore, p-Brca1 was increased in Chk1-deficient T cells, suggesting that Brca1 is a bona fide phosphorylation target downstream from Chk1. Interestingly, levels of p-Chk1 were increased in Chk2-deficient thymocytes (Fig.  6C ). This finding supports earlier reports of cross-talk between these checkpoint pathways. Furthermore, when we analyzed Chk1/ Chk2 double-knockout thymocytes, we found that the enhanced phosphorylation of p-p53 at Ser-9 that occurred in the absence of Chk1 was significantly less prominent (Fig. 6C) . Thus, in the absence of Chk1, Chk2 is apparently required for this p53 phosphorylation event. A similar but less dramatic decrease in the phosphorylation of p53 at Ser-15 was also observed in Chk1/Chk2 double-knockout T cells. These findings suggest that absence of Chk1 disrupts checkpoint signaling such that p53 is activated by Chk2 and apoptosis of the mutant cell is induced.
Discussion
In this work, we have examined the effects of conditional deletion of Chk1 on T cell development. Consistent with previous reports on Chk1-deficient cells, we found that the vast majority of T lineage cells lacking Chk1 were nonviable and died of apoptosis, most likely because of excessive uncorrected DNA damage. Through an analysis of Chk1 depletion during early thymocyte development, we have uncovered evidence pointing to an intricate cross-talk between Chk1 and Chk2. Our findings also indicate that these checkpoint kinases can phosphorylate different in vivo targets. embryonic stem cells, to periimplantation embryonic lethality in mice, and to increased apoptosis in proliferating mammary cells (13, 16, 17) . Using a T cell-specific knockout model, we have confirmed that the Chk1 gene is crucial for the survival of T lineage cells. Thymocytes developing in the absence of Chk1 readily undergo apoptosis at the DN2 stage, precluding the generation of significant numbers of mature T cells. Because the half-life of the Chk1 protein is very short (3.4 h) (28), it is not surprising that depletion of Chk1 in vivo at the DN2 stage leads to a rapid wave of thymocyte apoptosis. Thus, our results are consistent with the sudden apoptotic death of Chk1-depleted cells previously shown by others (13, 17) . The main trigger for this apoptosis may be increased genomic instability because cells heterozygous for Chk1 show an uncoordinated cell cycle and an abnormally high level of Cdc25A (17) . As well, cell proliferation appears to be required because Chk1-depleted lobuloalveolar mammary epithelial cells (which are nonproliferative) do not undergo apoptosis (17) . This link to proliferation suggests that death resulting from Chk1 depletion may involve mitotic catastrophe (29) . Our preliminary studies of Chk1 depletion in postmitotic glial cells support this hypothesis.
Genetic Interactions Between Chk1 and p53. Deletion of p53 did not rescue the block in thymocyte development caused by Chk1 deficiency, suggesting that Chk1 can act on important alternative targets to ensure the survival of normal cells. Thus far, only the p53-deficient avian tumor cell line DT-40 has been shown to be viable in the absence of Chk1 (30) . Thus, it is possible that a number of other unknown survival or antiapoptotic genetic aberrations could allow cells to survive in the absence of Chk1.
We found that in the absence of Chk1, p53 phosphorylation was strongly up-regulated in thymocytes such that these cells died, consistent with the finding published by Syljuasen et al. (31) . However, in the absence of both Chk1 and Chk2, p53 phosphorylation was only slightly up-regulated, and more of the thymocytes survived. These findings suggest that an upstream kinase, most likely ATM or ATR, is modulating DNA damage signals and controlling the activation of perhaps a panel of checkpoint kinases that can act on p53 or other substrates to stimulate cell death. Although p53 signaling is not absolutely required for such death, any enhancement in its function would be expected to intensify the apoptotic result.
Chk1 May Act as a Weak Tumor Suppressor. The genomic instability observed in Chk1 ϩ/Ϫ cells as well the increased tumor incidence in Chk ϩ/Ϫ ; MMTV-WNT-1 transgenic mice suggest that Chk1 may act as a tumor suppressor (13, 17) . However, in humans, mutations of Chk1 have been found in only in a few sporadic endometrial and gastrointestinal cancers (32) (33) (34) . In our longitudinal analysis of the survival of Lck-Chk1 ϩ/ϩ and Lck-Chk1 fl/fl mice, we observed a significant decrease in the life span of the latter. Comparing these mice with untreated WT mice of a tumor-prone background, we have seen no differences in spontaneous tumorigenesis or leukemogenesis. Because T cell lymphomas are the most frequently encountered spontaneous tumor seen in experimental mice, our observation argues that although Chk1 heterozygosity causes defects in tumor-suppressive activities, Chk1 itself has only a weak tumor-suppressive function.
Functional Cross-Talk Between Chk1 and Chk2. Chk1 and Chk2 are key mediators that link the sensors monitoring DNA integrity to components of the cell cycle machinery. After their phosphorylation, Chk1 and Chk2 activate unique downstream targets as well as targets that overlap, such as Cdc25A and p53 (12) . Despite their parallel functions in checkpoint signaling, Chk1 and Chk2 are unrelated protein kinases with different biological roles. Most strikingly, Chk1 is essential for embryonic development and cell viability, whereas Chk2 is dispensable. In this work, we have used a phospho-specific flow cytometric technique and thymocytes of various genetic backgrounds to analyze known phosphoproteins within the checkpoint network. By sorting developmental subpopulations of T lineage cells, we have been able to examine cells lacking either Chk1 or Chk2 or both checkpoint kinases. Our data show that in Chk1-deficient thymocytes, the Chk2 pathway is activated and drives hyperphosphorylation of p53. Chk1/Chk2 double-knockout thymocytes contain lower levels of phospho-p53 than do Chk1-deficient thymocytes, correlating with a slight increase in total thymocyte numbers in Chk1/Chk2 double-mutant mice. One possible explanation of these findings is that apoptotic signaling in Chk1-depleted cells utilizes but does not require Chk2-mediated activation of p53. Although such cross-talk has been hypothesized previously (7) , our work provides valuable direct evidence to support this theory.
Targeting Chk1 as a Cancer Therapy. Because of the key role of Chk1 in controlling the cell cycle, it has been proposed that anticancer therapeutics be developed based on the inhibition of this checkpoint kinase. The fact that Chk1 depletion, in both malignant and nonmalignant cells, triggers their death sounds a note of caution. An effective anticancer agent should have a good therapeutic ratio; that is, the agent should be highly efficacious in killing cancer cells but of low toxicity to normal cells. Our results suggest that inhibition of Chk1 would have detrimental effects on both normal and tumor cells, making the cancer cell eradication index of an anti-Chk1 agent unacceptable.
Conclusions
In this work, we have shed some light on the complex functions of the important checkpoint kinase Chk1. We have provided genetic evidence that its depletion leads to cell death in early thymic development. Interestingly, this apoptosis cannot be rescued by deficiency of p53, p21, or Brca1, suggesting that an alternative route of cell death commitment is triggered by Chk1 loss. We have also provided evidence indicating that cross-talk between Chk1 and Chk2 is important for regulating normal T cell development and that Chk2 can at least partially compensate for an absence of Chk1 in some circumstances. These insights should prove useful when considering the design of anticancer agents that focus on checkpoint kinases as targets. Ϫ/Ϫ , and bcl2-tg mice (The Jackson Laboratory, Bar Harbor, ME); and Chk2 Ϫ/Ϫ mice were used in this work. Double-mutant mice were obtained by crossing these strains. Strains were typed by PCR using previously published primer sets. Mice were analyzed at 4-8 weeks of age. All experiments were performed in compliance with the guidelines of the Ontario Cancer Institute animal care committee.
Materials and Methods
Histological Analysis. Thymi were fixed overnight in freshly prepared 4% paraformaldehyde/PBS and processed for histology. Serial sections were stained with hematoxylin/eosin, anti-CD3 Ab (AO452; Dako, Carpinteria, CA), or TUNEL by using standard protocols.
Flow Cytometry. Thymocytes, lymph node cells, or peripheral blood cells were stained with mAbs (all from BD Biosciences, San Jose,
